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The stability of excited superheavy nuclei (SHN) with 100 < Z < 134 against neutron emission and fission is investigated by 
using a statistical model. In particular, a systematic study of the survival probability against fission in the In-channel of these 
SHN is made. In present calculations the neutron separation energies and shell correction energies are consistently taken from the 
calculated results of the finite range droplet model which predicts an island of stability of SHN around Z = 115 and N = 179. It 
turns out that this island of stability persists for excited SHN in the sense that the calculated survival probabilities in the n-channel 
of excited SHN at the optimal excitation energy are maximized around Z = 115 and N = 179. This indicates that the survival 
probability in the n-channel is mainly determined by the nuclear shell effects. 
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1 Introduction 


The importance of quantum shell effects in stabilizing heavy nuclei was realized and the existence of superheavy elements was 
predicted in 1960s [1-3]. Since then, a lot of efforts has been made to explore the island of stability of superheavy nuclei (SHN). 
In experiment, via cold fusion reactions, superheavy elements with 102 < Z < 112 have been synthesized in GSI [4] and that 
with Z = 113 in RIKEN [5]. Superheavy elements with Z up to 118 have also been synthesized with hot fusion reactions 
in Dubna [6,7]. Theoretical investigations of SHN are focused both on the structure and decay properties [8—13] and on the 
synthesis mechanism [14-19]. 

A superheavy nucleus in its ground state can decay via spontaneous fission, a-decay, 8-decay, etc.. As a crucial ingredient of 
the existence of the island of stability, the stability of superheavy nuclei in their ground states has been studied extensively since 
the existence of superheavy elements was predicted [20]. The stability of an excited superheavy nuclei is also an important 
issue. On the one hand, it helps us in understanding the stability behavior of a superheavy nucleus against excitation, e.g., 
the attenuation of the shell effects with temperature. On the other hand, the survival probability W.y, of an excited compound 
nucleus against processes in which the charge number is changed is directly related with the stability of an excited superheavy 
nucleus in various channels. The survival probability Wy, is an important factor in the the study of synthesis mechanism of 
superheavy elements. Presently most of the calculations are focused on the stability of superheavy compound nuclei formed in 
cold and/or hot fusion reactions [21-24]. 

In order to study the influence of the shell effects on the stability of superheavy nuclei with excitation, we carry out a 
systematic investigation of the stability of excited superheavy nuclei. In the present work, the stability of excited superheavy 
nuclei with 100 < Z < 134 against neutron emission and fission is studied by using a statistical model. As an example, 
we present a systematic study of the survival probability against fission in the In-channel of these superheavy nuclei. It is 
well known that there are quite different predictions of the shell structure of superheavy nuclei from different models. As a 
consequence, the next proton magic number after 82 could be 114, 120, 126, etc.. In this paper, the properties of superheavy 
nuclei, e.g., the neutron separation energies and shell correction energies, are consistently taken from predictions of the finite 
range droplet model [25]. 

The paper is organized as follows. In Sec. 2, the formalism of the statistical model is briefly sketched. The results and 
discussions are presented in Sec. 3. Finally a summary is given in Sec. 4. 
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2 Formalism 


An excited superheavy compound nucleus can decay via fission or emitting photon(s), neutron(s), proton(s) or light-charged 
particle(s) like @-particle. Among all these channels, the most favorable ones are fission and neutron(s) emission. In the present 
study, we mainly focus on these two channels. 

The decay width for the neutron emission of a compound nucleus with excitation energy E* and spin J is calculated as [26] 
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where m, is the neutron mass, Sn is the neutron separation energy, R = roA'/? is the radius of the compound nucleus with 
ro = 1.20 fm, and p(E", J) is the level density which is discussed later. 
The fission width can be calculated with the Bohr-Wheeler formula as [27] 
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where By is the fission barrier, ps.a.(E*, J) is the level density at the saddle point, and T¢(ef) is the barrier transmission probability, 
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with the barrier width hws.. = 2.2 MeV [23]. The fission barrier height including the washing out effect of shell effects with 
the excitation energy E* and spin J is given as [28] 
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where Bee is the macroscopic part of the fission barrier height of the compound nucleus [29]. Under the assumption that the 
shell correction energy at the saddle point is negligible, the microscopic part of the fission barrier height pie = —Emic with 
Emic the shell correction energy in the ground state. There are several expressions for the damping parameter Ep [30,31] and 
we take Ep = 5.48A!/3/(1 + 1.3A7!/%) [30]. The moments of inertia of the compound nucleus in its ground state and at the 
saddle point are calculated as 
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The level density is calculated from the Fermi-gas model according to Ref. [32], 
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with 
o = 6m Va(E* —6)/n’ , m x 0.24A7/9 , (7) 
where the level density parameter asa, = 1.14/12 MeV™! at the saddle point and a = A/12 MeV™! in other cases. The pairing 


correction 6 = 12/ VA MeV, 0 and —12/ VA MeV for even-even, odd-even and odd-odd nuclei, respectively [24]. 
The survival probability in the In-channel is calculated by 
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where the realization probability for 1n-emission reads [21] 
i (E* -Sn - 2T? 
Pin(E", J) = exp- -— a | - (9) 


The nuclear temperature T = [1 + V1+ 4aE*)| /2a, & = 2.2 MeV and a is the level density parameter. 
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Figure 1: The neutron separation energies of superheavy nuclei with 100 < Z < 134 predicted by the finite range droplet 
model [25]. 
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Figure 2: The fission barriers of superheavy nuclei with 100 < Z < 134 at E* = 0 and J = 0 calculated from Eq. (4) where the 
shell correction energies are taken from the finite range droplet model [25]. 


3 Results and discussions 


For the superheavy nuclei, there are different predictions of ground state and saddle point properties. Since both the neutron 
emission and fission processes are connected closely to the shell structure, in order to study the influence of the shell effects on 
the stability of superheavy nuclei with excitation, one should take the nuclear property parameters for calculating the neutron 
emission and fission consistently from one single model. In the present work, the properties of superheavy nuclei with 100 < 
Z < 134 are taken from predictions of the finite range droplet model [25]. 

One of the crucial parameters for calculating the width of neutron emission is the neutron separation energy. Figure 1 shows 
the neutron separation energies of superheavy nuclei with 100 < Z < 134 from the finite range droplet model [25]. Only those 
nuclei within the proton drip line and the neutron drip line are included. One finds several common features in Fig. |. First, the 
neutron separation energy decreases with neutron number. Second, there is clearly odd-even effects in the neutron separation 
energy. With these values for the neutron separation energies and level density parameters given in Sec. 2, the width of neutron 
emission is calculated from Eq. (1). 

The fission barrier heights of superheavy nuclei with 100 < Z < 134 at E* = 0 and J = 0 are shown in Fig. 2 with the 
shell correction energies taken from the finite range droplet model [25]. The fission barrier height of a superheavy nucleus is 
mainly determined by the shell correction energy because the macroscopic part BM% is quite small. According to Eq. (4), a 
larger negative shell correction energy results in a higher fission barrier. The finite range droplet model predicts that the island 
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Figure 3: The survival probability against fission of excited superheavy nuclei in the In-channel with 100 < Z < 134 at the 
optimal excitation energy and J = 0. 


of stability centers around Z = 115 and N = 179 due to the quantum shell effects. Correspondingly, there is a region with higher 
fission barrier in Fig. 2 around Z = 115 and N = 179. Meanwhile the deformed sub-shells at Z = 108 and N = 162 ~ 164 also 
manifest themselves with fission barriers as high as about 7 ~ 8 MeV. In addition, there is another mass region around Z = 130 
and N = 198 in which the superheavy nuclei also have very high fission barriers. There is a roughly vertical band around 
N = 190 in which the fission barrier heights of the nuclei are negative. This means that these nuclei do not exist according to 
the finite range droplet model. 

The survival probability of an excited superheavy nucleus with J = 0 in the In-channel calculated from Eq. (8), as a function 
of the excitation energy E*, shows an anti-parabolic shape. We take the maximal value in the Wy, ~ E* curve for each 
superheavy nucleus and define the corresponding E* as the optimal excitation energy. 

In Fig. 3 the survival probability of excited superheavy nuclei with 100 < Z < 134 at the optimal excitation energies are 
given. There are two islands with larger survival probability in Fig. 3 which roughly correspond to the islands of superheavy 
nuclei with higher fission barriers as shown in Fig. 2. This indicates that for a superheavy nucleus in these two mass regions, 
the fission width is quite small due to the high fission barrier. In the very neutron-rich region, the neutron separation energy 
is small which results in a large neutron emission width. Therefore the survival probability in the 1n-channel becomes larger 
in the very neutron-rich region if one only includes the fission and neutron emission processes. For these nuclei, other decay 
channels should be taken into account. The survival probability of superheavy nuclei in the In-channel shows clear odd-even 
effects which is mainly from the odd-even effects in the neutron separation energy. 

From the above discussions, one can conclude that the shell effects also plays important roles in the stability behavior and 
survival probability of excited superheavy nuclei. Therefore nuclear parameters such as the separation energy and fission 
barriers from models which predict different shell structures in the region of superheavy nuclei may give very different survival 
probability. This may also result in different trends in the evaporation residue cross section as a function of the proton number 
in the experimentally unknown mass region. 

Besides the neutron separation energy and the fission barrier which are directly related to the shell effects, there are some 
other parameters which are also very important in the calculation of the survival probability. For example, the parameters for 
the level density influence the decay width very much [24]. Therefore, not only accurate nuclear properties such as the neutron 
separation energy and the fission barrier, but also a proper form of the level density are needed for an accurate prediction of the 
survival probability of an excited superheavy nucleus. 


4 Summary 


In order to study the influence of the shell effects on the stability of superheavy nuclei with excitation, the stability of excited 
superheavy nuclei with 100 < Z < 134 against neutron emission and fission is studied by using a statistical model. 

As an example, we present a systematic study of the survival probability in the In-channel of these superheavy nuclei with 
J = 0. In this work, the properties of superheavy nuclei including the neutron separation energies and shell correction energies 
are consistently taken from predictions of the finite range droplet model. The islands of stability of superheavy nuclei in their 
ground state, e.g., the one around Z = 115 and N = 179, persist for excited superheavy nuclei in the sense that the calculated 
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survival probabilities in the In-channel of excited superheavy nuclei on these islands are maximized. This indicates that the 
survival probability is mainly determined by the nuclear shell effects. 


Finally it should be emphasized that the decay widths in different channels and the survival probabilities of superheavy 


nuclei are very sensitive to the nuclear properties such as the separation energy, the ground state and saddle point deformations, 
the fission barriers, and the level density, etc.. Therefore in the study of the decay properties of superheavy nuclei, reliable 
predictions of these properties from nuclear models is highly desirable. 
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